Cultures of Clostridium KDHS2 reduced 15N03-to 15NH4+ with a concurrent increase in molar growth yield of 15.7 yo compared with fermentatively grown bacteria. The bacteria exhibited a K, (NO3-) of 0.5 mM and reduced NO3-maximally at a rate of 0.1 pmol h-l (mg dry wt)-l. A partially purified nitrate reductase was obtained which had a K, (NO3-) of 0.15 mM. The reduction of l3NO3-to 13NH4+ by resting bacteria was not inhibited by NH,+, glutamate, glutamine, methionine sulphoximine or azaserine. Glutamine synthetase affected neither the synthesis nor the activity of the NO,--reducing enzymes. The results are consistent with the hypothesis that NO3-reduction to NH,+ in this Clostridium sp. is dissimilative.
INTRODUCTION
In anaerobic environments, denitrification is generally considered to be the principal pathway of NO,-reduction. Although evidence is sparse, significant quantities of NO,-are reduced to NH,+ in flooded soils (MacRae et al., 1968) and sediments (Keeney et al., 1971 ; Koike & Hattori, 1978; Sarrensen, 1978) . Although NH4+ production from NO,-has not been observed typically in anaerobically incubated agricultural soils (Bremner & Shaw, 1958; Nommik, 1956; Wijler & Delwiche, 1954) , Buresh & Patrick (1978) reported NH4+ production under such conditions, and correlation of increased NO3-reduction to NH,+ with increased amounts of available carbon has been observed recently (Stanford et al., 1975a,b) , suggesting that the potential for NH4+ formation exists in such soils. Caskey & Tiedje (1979) presented evidence that NH,+ was produced through the activity of spore; forming bacteria, principaIIy Clostridium species, via a dissimilatory pathway. A clearer understanding of the physiology of these NO ,--reducing bacteria may reveal approaches which can be used to predict the occurrence of NO,-reduction to NH4+, or possibly to enhance this nitrogen-conserving process in agricultural soils.
Comparative fermentation balances and measurements of YATP with and without NO3-have provided evidence for the dissimilatory function of NO3-reduction in Clostridium spp. (Hasan & Hall, 1975 , 1977 . However, reliable measurements of the extent of NO3-reduction by these bacteria are lacking. Furthermore, little information is available about the regulation of NO3-reduction by Clostridium spp. The present study, in addition to providing definitive balances of NO,-reduction to NH4+, presents evidence that the NO,--reducing system of Clostridium KDHS2 shares no regulatory features with assimilatory nitrate reductases. 
METHODS
Organism and culture media. Clostridium KDHS2 was isolated from a Kranzburg silt loam (Caskey & Tiedje, 1979) which had been air-dried and stored for several years after collection in South Dakota, U.S.A. Cultures were maintained on a basal medium (R. N. Costilow, personal communication) that contained (g 1-l) : vitamin-free Casamino acids (Difco), 5.0; Trypticase (BBL), 1.0; yeast extract (Difco), 1.0; sodium thioglycollate, 0.5; glucose, 2.0. KN03 was added where indicated at 3.5 mM. Monosodium glutamate (0.2 %, W/V) was added to the medium for studies involving glutamine synthetase.
The response of Clostridium KDHS2 to added NO3-was determined in batch culture using the basal medium. K15N03 (enriched to 56.75 atom % 16N) was added to a concentration of 3-5 m~. Cultures were grown in Hungate tubes (Bellco Glass, Vineland, N. J., U.S.A.) under 02-free Ar according to the procedure of Bryant & Robinson (1961) . Growth was monitored by measuring the absorbance at 640 nm and the dry weight was calculated using an experimentally determined conversion factor. Samples were analysed at the beginning and end of exponential growth for glucose, NO3-, NOZ-and NH4+.
Preparation of bacterial suspensions and extracts. Clostridium KDHS2 was grown in basal medium containing NO3-and harvested in the mid-exponential phase of growth (8 to 10 h) by centrifuging. The bacteria were washed three times in 0.01 M-Tris/maleate buffer, pH 7.0, and resuspended in similar buffer. The suspension was introduced into Hungate tubes containing sufficient pre-reduced, sterile sodium thioglycollate under an atmosphere of 02-free Ar to yield a 0.05 % (w/v) concentration of the reductant. The tubes were stored at 4 "C until used, the time of storage not exceeding 18 h. The final concentration of the bacteria was approximately 2 mg dry wt ml-l.
Nitrate reductase was partially purified from bacterial extracts prepared from cultures in the late-exponential phase of growth (about 10 h), harvested as described above, but using Tris/HCl buffer, pH 8.0. The bacteria were ruptured by passage through a French pressure cell at 110 MPa and debris was removed by centrifugation at 9000 g for 30 min. Ammonium sulphate was added to the supernatant and the precipitate at 40 to 80 % saturation (Chiba & Ishimoto, 1977) was collected by centrifuging at 19000 g for 20 min. The pellet was immediately dissolved in 0-01 M-Tris/HCl buffer, pH 8-0, and dialysed against similar buffer.
Glutamine synthetase was partially purified from bacterial extracts prepared from cultures grown for 4 to 6 h into stationary phase, harvested as described above, but using 0.01 M-morpholinopropanesulphonic acid (MOPS) buffer, pH 7.0, containing 0.01 M-MnCI zand 0.001 M-2-mercaptoethanol. The fraction of the crude extract precipitating at 50 to 70 % saturation (Hubbard & Stadtman, 1967) was collected by centrifuging as for the nitrate reductase preparations, immediately dissolved in the MOPS buffer described above, and then dialysed against similar buffer.
Protein was determined by the method of L owry using bovine serum albumin as the standard. Biological assays. An estimate of the K, for NOa-for CZostridium KDHS2 was made by measuring NH,+ production from NO3-during a 1 h incubation at room temperature. The reaction mixture contained (in 10 ml): 2.0 ml suspension of resting bacteria, 2-0 ~M -K N O~, 0-2 % (w/v) glucose and 0.05 % (w/v) sodium thioglycollate. Samples were removed at 10 min intervals and analysed for NO3-, NO2-and NH4+. No NO2-was detected in any of these samples. The results were analysed as a progress curve (Cornish-Bowden, 1976 ) to determine the K, for NO3-.
The production and purification of 13NOs-and the 13N detection methods are described in detail elsewhere (Tiedje et al., 1979). The 13NOs-usually contained some 13NOa-(5 to lo%), hence 13NH4+ was produced from both compounds. The reaction mixture contained (in 4.5 ml): 1.0 ml suspension of resting bacteria, 0.2 % (w/v) glucose, 0.07 pmol KN03 and 0-05 % (w/v) sodium thioglycollate; about 0.4 mCi (15 MBq) 13NOs-was added in 0.5 ml and the mixture was incubated in Hungate tubes at room temperature for 20 min. The reaction was stopped by filtering through a 0.45 pm pore size membrane. Samples of the filtrate were analysed for l3NOS-, l3NOZ-and lsNH4+ using a high pressure liquid chromatograph (Tiedje et al., 1979) .
The effects of NH,C1 (3.5 mM), glutamate (3.5 m), glutamine (1.75 mM), L-methionhe-DL-sulphoximine (Sigma; 0.01 and 10 m), azaserine (1.0 m~) , Na,S04 (3.5 m) and NaaSOs (3.5 m) on ''No3-reduction to 13NH4+ were measured using suspensions of resting bacteria prepared as described with bacteria grown in medium supplemented with the appropriate inhibitor, except for azaserine and SOS2-. The organism would not grow in the presence of the latter compounds. The growth yield was reduced in medium with 10 mMrnethionine sulphoximine, but not with 0.01 mM. For experiments with methionine sulphoximine, the 13N03--reducing activity of the bacteria was measured in the presence and absence of the compound at the concentration in which they were grown. 35S-Iabelled S042-and SOS2-were used to determine directly whether the NOs-+NH4+ enzyme system in Clostridium KDHS2 could also use these compounds as electron acceptors. Suspensions of resting bacteria were prepared from cultures grown in basal medium supplemented with KNOs (3.5 m~) or Na,S04 (3.5 m).
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The reaction mixture contained (in 5.0 ml) : 1.0 ml cell suspension, 0-2 % (w/v) glucose, 0-3 mCi (1 1 MBq) 36S032-(or 35S042-) plus unlabelled SOS2-(or Sod2-) to 3.5 mM, 0.05 % (w/v) sodium thioglycollate, and either 0, 1.0 or 3.5 mM-KNO,. The production of 35S2-after 2 h incubation in Hungate tubes was measured by adding concentrated H2S04 to the reaction mixture to a final concentration of 1-7 M (Caldwell, 1974) and sparging with air for 10 min into a trap containing 5-0 ml of a saturated solution of lead acetate. A 1 ml sample of the trapping solution was added to 15 ml of aqueous scintillation counting solution (ACS, Amersham, Arlington Heights, Ill., U.S.A.) and the amount of 35S2-was measured in a Packard model 3310 TriCarb scintillation spectrometer. Enzyme assays. Nitrate reductase activity was measured using a modification of the method described by Chiba & Ishimoto (1977). The reaction mixture contained (in 0-5 ml) : 95 pmol Tris/HCI buffer, pH 9-0, 10 pmol KN03, 1 pmol methyl viologen, 30 pmol Na2S204. 20 pmol Na2COs and approximately 0-7 mg of the partially purified enzyme. The reaction was started by adding Na2S20,/Na2COs and stopped, after incubation for 15 min at 37 "C, by vigorous agitation on a vibrator until the violet colour of the reduced dye disappeared. Then 1 ml95 % (v/v) ethanol was added and the mixture was centrifuged at 3000g for 5 min.
A portion of the supernatant was assayed for NO2-as described. The amount of NO2-formed was proportional to the amount of enzyme preparation used. The K , for NO,-was estimated by increasing the volumes of all reagents 10-fold and using progress curves (Cornish-Bowden, 1976) . The assay was demonstrated to be valid for 5 pmol and 20 pmol KN03.
Glutamine synthetase activity was monitored by measuring the glutamate-dependent liberation of orthophosphate in the biosynthetic reaction (Hubbard & Stadtman, 1967) . The extract would not catalyse the reverse, or y-glutamyl transfer, reaction. The assay mixture contained (in 0.4 ml) : 0.1 mg protein, 7.5 mM-ATP, 0.1 M-glutamate, 50 mM-NH,CI, 5 rnM-MnCl,, and 10 mM-MOPS buffer, pH 7-0. Incubations were carried out in open tubes at 37 "C for 15 min. Reactions were initiated by the addition of enzyme. Controls lacking glutamate were included in each incubation, and corrections were made for the phosphate liberated in the absence of substrate. The activity was proportional to the enzyme concentration and, with 0.1 mg protein, was constant for at least 15 min. Activity was expressed as pmol phosphate liberated min-l (mg
The inhibition of glutamine synthetase activity by methionine sulphoximine and glutamine was measured by including the appropriate amount of each inhibitor in the ATP solution. Methionine sulphoximine was added to the assay mixture at concentrations of 0.01 and 10 mM, and glutamine was added at 10 mM. The apparent K, of the enzyme for NH4+ was estimated using initial velocity reactions and the results were analysed using direct linear plots (Eisenthal & Cornish-Bowden, 1974).
ChemicaZ analyses. Glucose was determined colorimetrically using the o-toluidine reagent (Sigma) ; NH4+-N was determined by titration following steam distillation as described by Bremner (1965); NO3--N was similarly determined following reduction to NH4+ using Devarda's alloy (Bremner, 1965 ) ; NO2--N was measured colorimetrically by the diazo-coupling method (Bremner, 1965) . Analyses for 15N were performed using a Vg Micromass model 622 ratio mass spectrometer (Winsford, Cheshire) as described previously (Caskey & Tiedje, 1979) .
RESULTS
The molar growth yield increased by 15.7 yo when NO3-was added to the culture medium, but there was no difference in the growth rate or total amount of growth observed relative to that in medium without NO3-( Table 1) . A similar increase of 17.3 yo was observed for bacteria which had been previously grown in NO3--containing medium. The growth yields were proportional to the glucose concentration up to 16.6 mM.
The extent of 15N0,-reduction to 15NH4+ was measured concurrently with the molar growth yields (Table 1 ). The amounts of NH4+ produced represent approximately 20 yo of the added 15N03-. No NOz-was observed and NH,+ was apparently the only product of NO3-reduction. The kinetics of NO3-reduction by Clostridium KDHS2 were studied using both intact organisms and partially purified nitrate reductase. Intact bacteria reduced NO3-maximally at a rate of 0.1 pmol NO3-h-l (mg dry wt)-' and the concentration of NO3-producing one-half of this velocity was estimated to be 0.5 mM. For the partially purified nitrate reductase, the K, for NO,-was 0.1 5 mM.
Of the inhibitors tested, NH4+, glutamate, glutamine (inhibitors of assimilatory nitrate reduction), methionine sulphoximine (an inhibitor of NH4+ assimilation) and azaserine (an analogue of glutamine) had no effect on the reduction O f 13N03-to l3NH,f. SO,2-and S 0 3 2 -(at 3.5 mM) were tested as possible alternative substrates for the enzyme system; inhibited 13N03-reduction by 17 to 18 %. The disappearance of the NO2-peak in the samples incubated without inhibitor (Fig. 1 b) indicated that NO2-was an intermediate in NO3-reduction to NH4+, and that the bacterium was capable of reducing NO2-. However, the NO2-peak persisted in the SOa2--inhibited sample (Fig. 1 a) 
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that inhibition occurs at the level of nitrite reductase. Although not as apparent because of the large amount of 13N03-present, 13N0,-was reduced to 13NH4+ along with the 13N02-.
To provide more information about the apparent SO,2-inhibition of NO3-reduction by Clostridium KDHS2, the reduction of SO,2-and SO:-to S2-in the presence of 0.1 or 3.5 m~-N o , -was measured. Insignificant amounts of S 0 4 2 -[ < 0-05 nmol (mg dry wt)-l] were reduced to S2-by Clostridium KDHS2 grown in basal medium containing either NO,-or S042-. A low S0,2--reducing activity was observed in bacteria grown in the absence of an electron acceptor, and slightly higher activities were observed in bacteria grown in the S042--containing medium (Table 2) . A 10-fold increase in activity relative to fermentatively grown organisms was observed for bacteria grown in the NO3--containing medium ( Table 2 ), indicating that the enzymes induced by NO,-also reduce There was no inhibition of S0,2--reducing activity by either concentration of NO3-.
The activity of the glutamine synthetase produced by Clostridium KDHS2 was 60%
inhibited by 10 mM-glutamine, and 3 and 94 % inhibited by 0.01 and 10 mM-methionhe sulphoximine, respectively. The K, for NH,+ for Clostridium KDHS2 glutamine synthetase was calculated to be 0.4 mM. No effect was observed on activity or synthesis of the NO3--reducing pathway by 0.01 or 10 mwmethionine sulphoximine.
D I S C U S S I O N
Clostridium KDHS2 exhibited a greater yield of cells per mol glucose utilized when grown in the NO,--containing medium, suggesting that NO3-permitted a more efficient utilization of the energy derived from glucose catabolism. Hasan & Hall (1 975) observed the same effect with C. perfringens and noted that the observed increase in YdTP in the presence of NO3-could only be explained if the NO3-was being reduced by some type of dissimiIatory mechanism.
NH4+ was the sole product of NO,-reduction by Clostridium KDHS2, with NO2-the only detectable intermediate. However, because the concentration of NO,-in the growth medium was selected for minimal NO2-accumulation, no NO2-was observed in any of the cultures. The disappearance of 13N02-in the 13N03-experiments and the accumulation of NO2-as the product of the partially purified nitrate reductase provide evidence for NO2-being an intermediate.
The nitrogen balances obtained are reasonable and consistent with those reported for both C. perfpingens and C . tertium (Hasan & Hall, 1975 , 1977 . NO3-was reduced only during exponential growth, as shown by a decrease in the specific activity of nitrate reductase obtained from bacteria in the stationary phase of growth. Chiba & Ishimoto (1977) observed a similar pattern for C. perfringens.
Our results confirm earlier reports of NO3-reduction by Clostridium species and are consistent with a dissimilatory reductive process. Additional evidence supporting the dissimilative function of the NO,-reduction is supplied by the lack of inhibition by NH,+, glutamate and glutamine. These results are in contrast to those obtained with the nitrite reductase of Veillonella alcalescens (Yordy & Delwiche, 1979) . However, the nitrate reductase of this organism is characteristically dissimilatory in nature (Inderlied & Delwiche, 1973) . Neither methionine sulphoximine, an inhibitor of ammonia assimilation (Brenchley, 1973) , nor azaserine, a competitive inhibitor of glutamine in reactions involving amino group transfer (Zalkin, 1973) , affected the reduction of NO,-to NH,+, further emphasizing the non-assimilatory features of the Clostridium KDHS2 NO3-reducing enzymes.
Enzyme preparations from Escherichia coli and baker's yeast that possess the capacity for NO2-reduction have been shown to reduce in viva (Kemp et al., 1963 ; Prabhakararao & Nicholas, 1970). SOa2-had no effect on the production of NH,+, but SO,2-inhibited the reaction. The results in Table 2 suggest that S032--reducing activity was induced by growth on NO,-. But, surprisingly, the presence of up to equimolar amounts of NO,-had no effect on 35s032-reduction to 35S2-. Since inhibition of NH,+ production from NO3-occurred at the level of NOz-reduction (Fig. l) , NO,-may have no effect on SO,2-reduction, unless some critical level of NO2-accumulates. It appears the NO2--reducing enzyme of Clostridium KDHS2 is inducible and can reduce both NO2-and Alternatively, the organism may possess two separate enzymes, a nitrite reductase and a sulphite reductase, both of which are inducible by NO3-. Apparent inhibition of NOz-reduction could occur if the sulphite reductase had the greater affinity for electrons.
The Clostridium KDHS2 glutamine synthetase is similar to the glutamine synthetase from C. pasteurianum and Bacillus species with respect to inhibition by glutamine (Deuel & Stadtman, 1970; Hubbard & Stadtman, 1967) . The K, of 0.4 mM for NH,+ is the same as that reported for the enzyme from B. subtilis (Deuel & Stadtman, 1970) . This low K, suggests the existence of a low-NH,+ assimilating pathway similar to that found in Klebsiella (Brenchley et al., 1973) .
The apparent absence of any regulatory effect by glutamine synthetase on the reduction of NO,-to NH,+ is consistent with the observation of Newman & Cole (1977) that glutamine synthetase has no effect on nitrite reductase in E. coli. On the other hand, the assimilatory nitrite reductase of Klebsiella pneumoniae may be regulated by glutamine synthetase (Tubb, 1974) . Therefore, this lack of regulatory control by glutamine synthetase on NO,-reduction in Clostridium KDHS2 supports the thesis that NO,--reducing enzymes catalyse a dissimilatory reaction.
We have previously reported that Clostridium KDHS2, when introduced into soil, could effectively compete with denitrifying bacteria for NO3-under anaerobic conditions if an appropriate carbon source was supplied (Caskey & Tiedje, 1979) . Thus, a thorough investigation of the interaction of denitrifying bacteria and organisms reducing NO3-to NH,+ is needed before the natural significance of this pathway can be understood.
